INTRODUCTION
Obligate aerobes of the genus Azotobacter are common inhabitants of soils of neutral pH in cold and temperate regions, where they constitute a major fraction of the freeliving N 2 -®xing population that keeps nitrogen cycling in the biosphere (Tchan and New 1984) . Azotobacter spp. have been widely used as indicators of the effects of xenobiotics on biological N 2 -®xation in soil (Gonza Âlez-Lo Âpez 1992 ). In addition, strains of this genus are often able to colonize the rhizosphere and root surfaces of many agronomically-important plants and establish, under natural conditions, non-endosymbiotic root associations that lead to plant growth promotion (Becking 1992) .
One of the factors that most in¯uences the growth and biological activities of Azotobacter spp. in their natural habitat is the availability of carbon substrates. Sugars and organic acids supplied in plant root exudates are readily incorporated by these organisms (Tchan and New 1984) . However, survival and persistence of Azotobacter in the soil and rhizosphere is believed to be highly dependent on their ability to metabolize simple phenolic compounds, which are commonly present in soils at concentrations of 1±2 mmol l À1 (Wu et al. 1987) . Phenolic compounds in the soil come mainly from plant litter decomposition or soil contamination by agrochemicals and are toxic for most microorganisms, but a few genera of bacteria and fungi are able to degrade and use them as carbon sources (Hardisson et al. 1969) . Growth and N 2 -®xation supported by some phenolic monomers, at concentrations well over the range commonly found in natural soils, have been reported for A. vinelandii strains (Peterson and Peterson 1988; Moreno et al. 1999) . Agronomical exploitation of Azotobacter±plant interactions has been successfully tested under laboratory and ®eld conditions (Becking 1992) , and the positive effect of inoculation of plants with these bacteria has been attributed to the cession of ®xed N to the plant, enhancement of soluble P availability and antibiosis to pathogenic bacteria and fungi (Brown 1974; Jagnow 1987; Abbas and Okon 1993) . Production of phytohormones and water-soluble vitamins has also been related to the ability of Azotobacter spp. to enhance crop yielding, as exogenous supply of these biologically-active substances affects plant growth at different levels (Oertli 1987; Okon and Itzigsohn 1995) . Phytohormones and vitamins are also linked to the positive in¯uence of these rhizobacteria on the function of rhizobial±legume symbiosis and mycorrhiza formation (Brown and Carr 1984; Martõ Ânez-Toledo et al. 1991; Rodelas et al. 1999) .
Qualitative and quantitative production of B-group vitamins by A. vinelandii in laboratory media supplied with 0Á5±5% glucose is in¯uenced drastically by the available concentration of carbon substrates (Gonza Âlez-Lo Âpez et al. 1983; Martõ Ânez-Toledo et al. 1996) . As far as is known, there are no previous data on vitamin production by Azotobacter spp., or any other soil bacteria, when phenolics are the only carbon source available at the concentrations commonly found in soils in nature. In this paper, the production of B-group vitamins by two Azotobacter spp. strains growing on chemically-de®ned media amended with low concentrations of two phenolic compounds as sole carbon source, under both diazotrophic and adiazotrophic conditions, is reported.
MATERIAL AND METHODS

Strains
The two Azotobacter strains used throughout the study were A. chroococcum H23 (Spanish Type Culture Collection, CECT 4435), isolated originally from the maize rhizosphere by Martõ Ânez-Toledo et al. (1985) , and A. vinelandii ATCC 12837. Both strains are vitamin producers in media amended with 0Á5% glucose, and have shown growth-promoting ability on plants (Martõ Ânez-Toledo et al. 1988a, b; Rodelas et al. 1999) .
Production of vitamins by Azotobacter spp. strains was assayed in supernatant¯uids of broth cultures, using the following auxotrophic strains: Lactobacillus plantarum ATCC 8014 for biotin, niacin and pantothenic acid, Lact. casei ATCC 7469 for ribo¯avin and Lact. fermentum ATCC 9338 for thiamine.
Media
Azotobacter spp. were maintained in Burk's N-free agar slants (Wilson and Knight 1952) amended with 0Á5% glucose as carbon source. For nitrogenase activity and vitamin production tests, Azotobacter strains were grown in Burk's N-free or Burk's NH 4 (containing 0Á1% NH 4 Cl) liquid media, amended with different compounds as sole carbon source (see below).
The auxotrophic Lactobacillus strains were maintained in MRS agar (Difco). Vitamin-assay media (Difco) were used to quantify vitamin production.
Test for growth of Azotobacter strains with different concentrations of phenolic compounds as sole carbon sources
Azotobacter strains were transferred from fresh agar slants to Erlenmeyer¯asks with 50 ml Burk's N-free or Burk's NH 4 liquid medium, amended with sodium p-hydroxybenzoate (PB) or protocatechuic acid (PA) as sole carbon source, at the following concentrations: 1 mmol l À1 , 2 mmol l
À1
, 5 mmol l À1 or 10 mmol l À1 . All chemicals used as carbon sources were purchased from Sigma. In these and all experiments described below, PA was added to culture media, after autoclaving and cooling down, from a freshlymade, ®lter-sterilized, 10-fold concentrated stock solution. After 72 h of incubation at 28 C and 110 rev min À1 in a shaker (Gallenkamp INR-200, Loughborough, UK), total cell numbers were determined using a Petroff-Hausser counting chamber (C. A. Hausser and Son, Philadelphia, PA, USA).
Estimation of nitrogenase activity by Azotobacter strains
The nitrogenase activity of strains H23 and ATCC 12837 was estimated by acetylene-reduction assay (ARA) of midlog phase and stationary phase broth cultures, grown aerobically (110 rev min À1 ) in Burk's N-free liquid medium amended with PB, PA or sodium succinate (S), at a concentration of 2 mmol l À1 . Succinate was selected as control substrate as it is readily incorporated into the TCA cycle, as well as being the main product of both PA and PB degradation by Azotobacter spp. (Hardisson et al. 1969) .
Cultures were grown at 28 C, and ethylene production was determined in 2 ml aliquots of the cultures, after 24 h and 48 h of incubation, using a gas chromatograph (PerkinElmer 8420, Beacons®eld, Bucks, UK) equipped with an H 2 -FID detector and a Poropak-T (80±100 mesh) column . Viable cell numbers of Azotobacter (colony-forming units, cfu) were estimated by standard plate counts in Burk's NH 4 agar to avoid excessive exopolysaccharide production. Acetylene reduction activity was expressed as nmol C 2 H 4 (10 7 cfu) À1 h À1 .
Vitamin production tests and vitamin assay procedures
A loopful of fresh agar slopes of the strains assayed for vitamin production was transferred to 250 ml Erlenmeyer asks containing 50 ml Burk'sN-free or Burk's NH 4 medium, amended with 2 mmol l À1 PB, PA or S. Cultures were incubated at 28 C in a shaker with gentle agitation (110 rev min À1 ) until late log phase. The total cell numbers of these cultures were estimated using the Petroff±Hausser counting chamber, and aliquots were used to inoculate 250 ml Erlemeyer¯asks containing 50 ml Burk's N-free or Burk's NH 4 medium amended with the corresponding carbon source, to give an initial cell number of around 10 5 cells ml À1 . Plate counts of the pre-cultures were also carried out to check cell numbers and purity of the inocula. All cultures were incubated aerobically for 72 h under the conditions described above. Growth curves were deter-mined by serial dilution on 0Á9% NaCl, followed by standard viable counts on Burk's NH 4 agar plates. Samples from broth cultures of Azotobacter strains in Burk's N-free or Burk's NH 4 medium, amended with the different carbon sources, were taken after 72 h of culture. Aliquots were centrifuged at 3500 g for 30 min at 4 C (Kokusan H-103N, Japan), and the supernatant¯uids were passed through 0Á22 mm Millipore ®lter membranes; 2 ml of these ®ltrates were added to test tubes containing 2 ml of the vitamin-assay media. All test tubes were inoculated with 0Á1 ml of a standardized inoculum (adjusted to 0Á5 McFarland Scale) of the corresponding auxotrophic Lactobacillus spp. strain, made by appropriate dilution of a logarithmic phase culture on MRS broth, washed twice with sterile 0Á9% saline.
Inoculated tubes were incubated at 37 C for 21 h and optical density was measured at 580 nm in a Hitachi U2000 spectrophotometer (Hitachi Ltd, Tokyo, Japan). Vitamin production was quanti®ed by comparison with curves obtained with known concentrations of commercial vitamin standards (Sigma) following the assay media manufacturers' recommendations.
Statistical analysis
Data obtained throughout this study were analysed by multifactorial analysis of variance (ANOVA) with all interactions, using the software package STATGRAPHICS version 5Á0 (STSC Inc., Rockville, MD, USA). Least signi®cant differences (LSD) were calculated at the 95% level of signi®cance.
RESULTS
Test for growth of Azotobacter strains with different concentrations of phenolic compounds as sole carbon sources
Total cell numbers of the two Azotobacter strains after growing for 3 days on media amended with different concentrations of PA or PB as sole carbon sources is shown in Table 1 . Both strains grew in media amended with PB at all concentrations tested, whereas PA was not tolerated at concentrations above 2 mmol l À1 . Strain ATCC 12837 showed a positive growth response as the concentration of PB increased in the media, reaching a maximum for the highest concentration tested, whereas strain H23 showed some degree of inhibition of growth at the concentration of 10 mmol l À1 . Presence of NH 4 Cl in the culture medium always had a positive in¯uence on growth, especially when PB was the selected carbon source.
According to the results in Table 1 , the concentration of 2 mmol l À1 was selected for further testing of biological activities of the strains growing with PB or PA as sole carbon source. Effect of the availability of different C substrates on growth curves and nitrogenase activity of strains H23 and ATCC 12837
Growth curves for strains H23 and ATCC 12837 in the six media assayed are shown in Fig. 1 . The growth of strain ATCC 12837 was similar in all the substrates tested, whereas strain H23 grew to higher cell numbers in media amended with PA. The positive effect of the addition of NH 4 Cl to the media on growth of both strains was slight, agreeing with the results of the ®rst set of experiments (Table 1) ; the only exception was strain H23 in media amended with PB as carbon source, where viable counts demonstrated a clearer growth response to the presence of combined N. Growth of both strains was always slower when supported by the phenolic compounds than with succinate as carbon source. Nitrogenase activity was supported by either PA or PB at a concentration 2 mmol l À1 , as shown in Table 2 . Activity decreased sharply after 48 h of incubation as cultures entered the stationary phase of growth. Samples taken during the logarithmic phase of growth (24 h) showed that the nitrogenase activity of both strains was signi®cantly higher when PB was the carbon source, especially when compared with the control grown on S.
Production of vitamins by strains H23 and ATCC 12837 with phenolic compounds as sole C source
The production of biotin, niacin, thiamine, pantotenic acid and ribo¯avin by strains ATCC 12837 and H23, in both Burk's N-free and Burk's NH 4 medium, is shown in Fig.  2 . The amounts of each vitamin detected varied largely within strain and depended on the nature of the available C and N sources. Strain H23 released higher amounts of niacin and biotin, whereas strain ATCC 12837 was the better producer of pantothenic acid and ribo¯avin. PA was the preferred substrate for liberation to the media of most of the vitamins tested; the only exception was biotin, which was released at higher levels in PB media. Succinate was the less favourable carbon source for vitamin production under the experiment conditions.
The effect of the addition of NH 4 Cl to the culture media on the liberation of each vitamin also varied with the different strain/C source combinations. The presence of NH 4 Cl did not signi®cantly affect vitamin production by any of the strains when the carbon source was succinate, except for the production of niacin by strain H23 (Fig. 2) . However, the nature of the available N source drastically affected the quantitative liberation of some vitamins in media amended with the phenolic compounds. Strain H23 produced signi®cantly higher amounts of biotin, niacin and medium amended with PA or PB, whereas the liberation of the other vitamins was unaffected by the presence of NH 4 Cl (Fig. 2) . Production of biotin by strain ATCC 12837 was higher in Burk's N-free medium amended with PA or PB, and the same was found for the production of thiamine in PA media. Addition of NH 4 Cl to cultures of this strain favoured only the liberation of ribo¯avin (in PA media) and pantothenic acid (in PB media).
DISCUSSION
Azotobacter spp. are well known as aromatic catabolizing organisms, able to degrade a wide range of phenolic structures on chemically-de®ned media (Hardisson et al. 1969; Chen et al. 1993; Abdalla 1994; Moreno et al. 1999) and to grow on complex wastes with a high phenolic content (Martõ Ânez-Toledo et al. 1995) . However, the ability to utilize certain phenolic compounds as sole carbon sources, the concentrations that can be tolerated, and the rates of degratation, vary largely among strains (Tchan and New 1984) .
Growth of A. vinelandii strain ATCC 12837 and A. chroococcum strain H23 was shown to be supported by a chemically-de®ned medium formulated with low concentrations of the phenolic compounds PA and PB, either with NH 4 Cl or atmospheric N 2 as the nitrogen source. Strains ATCC 12837 and H23 tolerated PB at much higher concentrations than PA, especially in the experiments with strain ATCC 12837 in which this compound acted ef®-ciently as a carbon substrate to support growth, as the concentration used was always positively related to an increase in total cell numbers ( Table 1) . The data show a strong toxicity of PA at concentrations of 5 mmol l À1 for both strains, even though PA is the main product resulting for bioconversion of PB prior to follow the b-keto-adipate pathway of degradation in Azotobacter (Hardisson et al. 1969) . A similar behaviour has been described for a different A. vinelandii strain (Moreno et al. 1999 ) and might be explained by a regulatory activity of the cells to avoid accumulation of PA over the toxicity threshold. In this respect, it is worth noting that strains ATCC 12837 and H23 grew in media amended with 2 mmol l À1 PA to similar or even higher cell numbers than those reached with the other substrates. Thus, the natural levels of this compound present in soils should not affect these organisms negatively. On the other hand, Moreno et al. (1999) reported a low biomass production and poor utilization of PA by A. vinelandii when PA was present at much higher concentrations (10, 20 or 50 mmol l À1 ). Nitrogenase activity was detected for both strains when grown in Burk's N-free medium amended with the phenolic compounds at a concentration of 2 mmol l À1 . The levels of nitrogenase activity with PB as carbon source signi®-cantly exceeded those of the organisms grown on the control non-aromatic substrate. Aromatic compounds often support high rates of nitrogenase activity in several free-living N-®xing bacteria when compared with non-aromatic substrates such as glucose, sucrose or organic acids (Chen et al. 1993) . In the present experiments, the presence of a ®xed nitrogen source was always positively related to growth. This was an expected effect as nitrogen ®xation is a process that reduces the ef®ciency of energy use, due both to the high ATP demand of the nitrogenase complex (Kennedy and Tchan 1992) and the lower ef®ciency of the non-coupled alternative respiratory chain that protects the function of nitrogenase under strict aerobiosis (D'Mello et al. 1997) . However, the differences in growth for strains ATCC 12837 and H23 under diazotrophic or adiazotrophic conditions were small, a fact which is remarkable because the concentration of the carbon sources present in the media was very low.
Growth conditions (pH, incubation temperatures, availability of different nitrogen and carbon sources, and their concentrations and ratios) affect vitamin production and release by several nitrogen-®xing organisms, including Azotobacter, Azospirillum and Rhizobium (Dahm et al. 1993; Rodelas et al. 1993; Martõ Ânez-Toledo et al. 1996; Sierra et al. 1999) . All the B-group vitamins assayed in the present study were present in the supernatant¯uids of cultures of strains ATCC 12837 and H23 when the cells were grown in media amended with 2 mmol l À1 PB, PA or S, both under adiazotrophic or N 2 -®xing conditions. Vitamin release was mostly higher in media amended with phenolic compounds than with the control substrate, succinate, at the same concentration. Availability of NH 4 Cl affected the production of vitamins by both strains but only when the C source was aromatic. In PA or PB media, the response to the presence of different N sources on vitamin production followed a different pattern for each particular strain and vitamin (Fig. 2) . Production of thiamine and pantothenic acid by A. vinelandii ATCC 12837 in chemically-de®ned media amended with glucose (0Á5±2%) has been reported to be strongly increased after addition of 0Á3% NH 4 Cl (Martinez-Toledo et al. 1996) . However, data from the present study show that liberation of these vitamins by strain ATCC 12837 in PA or PB media is not homogenously enhanced under adiazotrophic conditions (Fig. 2) . The different effect of the presence of combined N on vitamin production by Azotobacter spp. strains when phenolic acids are the sole carbon source seems to be related to the special degradative pathways induced for the metabolization of such compounds. However, this hypothesis could only be elucidated after a deeper study of complex processes, such as the different energy balances under diazotrophic or N®xing conditions, or the effects of competition for oxygen between the oxygenases associated with aromatic metabo-lism and the different respiratory systems of Azotobacter. The roles of vitamins on metabolism of aromatic substrates are poorly understood, but the exogenous supply of Bgroup vitamins can enhance the degradation of phenolic compounds by strains not auxotrophic for vitamins (Kafkewitz et al. 1996) .
Exogenous application of B-group vitamins can have a direct effect on plant cell functions (Oertli 1987) , as well as indirect effects on plant growth, due to changes induced in the size and composition of microbial rhizospheric populations (Azaizeh et al. 1996; Streit et al. 1996) . At the molecular level, biotin has recently been described as a signal regulating gene expression in Sinorhizobium meliloti in relation to survival of these symbiotic N-®xing micro-organisms, especially under starvation conditions (Streit and Phillips 1997; Heinz et al. 1999 ). Lumichrome, a major product of ribo¯avin degradation under physiological conditions, enhances alfalfa plant growth and favours the interaction of roots with nodule-forming S. meliloti . Consequently, the production of vitamins by plant growth-promoting bacteria, including Azotobacter spp., is one of the major mechanisms proposed to explain positive effects of these bacteria on plants and their interactions with other micro-organisms in the rhizosphere.
The results of this study show that several B-group vitamins are produced by Azotobacter at biologically-active levels with phenolic monomers as sole carbon sources supplied at the concentrations commonly found in the rhizosphere or soil. However, vitamin production under these conditions followed patterns different from those found when the micro-organisms are grown in media amended with sugars or organic acids. Thus, it might not be possible to extrapolate the results of these in vitro studies to soil or rhizosphere conditions where these substrates are hardly the major carbon source available.
